In this chapter, a high-precision fully automated adiabatic calorimeter for heat capacity measurement of condensed materials in the temperature range from 80 to 400 K was described in detail. By using this calorimeter the heat capacity and thermodynamic properties of two kinds of function materials, ionic liquid and nanomaterials, were investigated. The heat capacities of IL [EMIM][TCB] were measured over the temperature range from 78 to 370 K by the high-precision-automated adiabatic calorimeter. Five kinds of nanostructured oxide materials, Al 2 O 3, SiO 2 , TiO 2 , ZnO 2 , ZrO 2 , and two kinds of nanocrystalline metals: nickel and copper were investigated from heat capacity measurements. It is found that heat capacity enhancement in nanostructured materials is influenced by many factors, such as density, thermal expansion, sample purity, surface absorption, size effect, and so on.
Introduction
Adiabatic calorimetry is one of the most important research methods in the fields of thermochemistry and thermophysics. Many results can be obtained from this method, such as, molar heat capacities over wide temperature range, standard entropy, standard thermodynamic functions; the temperature, enthalpy, entropy and mechanism of phase transition, and other important information concerned with the structure and energetics of substances, which have very significant guiding role for theoretical research and application development of various new substances or materials. But at present high-precision adiabatic calorimeter is not available from commercial apparatus in the world. In this chapter, hence, we introduce a high-precision fully automatic adiabatic calorimeter constructed in our themochemistry laboratory, and report the thermodynamic property studies of two types of functional materials: ionic liquid and nanomaterials performed by this adiabatic calorimeter.
2. Construction of a fully automated high-precision adiabatic calorimeter used for heat capacity measurements of condensed materials in the range from 80 to 400 K
Heat capacity is one of the fundamental thermodynamic properties of materials and is very important in many physical and chemical theoretical research programmes and engineering technology designs. Adiabatic calorimetry is the most reliable technique used to obtain heat capacity and other thermodynamic data of substances [1] [2] [3] [4] [5] [6] [7] [8] [9] . Research on adiabatic calorimetry has been conducted in our thermochemistry laboratory since 1960s and several adiabatic calorimetric apparatus have been constructed to obtain measurements over the temperature ranges of (4.2-90) K [10] [11] [12] , (80-400) K [13] [14] [15] [16] [17] [18] [19] [20] [21] , (70-580) K [18] [19] , (300-600 K) [20] and (400-700) K [22] . Traditional adiabatic calorimetric experiments have the disadvantages of complicated experimental procedures and large amounts of experimental data which needs to be treated in order to obtain high-precision heat capacity values. Therefore, we have constructed an adiabatic calorimeter which greatly simplifies experimental procedures (by using modern computerized technology together with control theory) which can be used to obtain measurements in the temperature range of (80-40) K. The design was based on our previously reported automated adiabatic calorimetric apparatuses [17, 19] . This new calorimetric instrument has the advantages of compact data acquisition and process system; advanced intellectual level resulting in the powerful processing ability of the software; better stability of measurement;
and a higher reliability of data acquisition. For a long time, low temperature adiabatic calorimetry has been used to: determine the heat capacities of various condensed materials; investigate phase transitions of materials; and determine the standard thermodynamic properties of the materials.
The construction of the adiabatic calorimeter

The adiabatic calorimetric system
The calorimetric system includes a calorimetric cryostat, a data collection system, an adiabatic condition control system and a high vacuum pumping system. The calorimetric cryostat consists of a sample cell, inner and outer adiabatic shields and a high vacuum can. The data collection system consisted of a multi-channel data acquisition/switch unit (Agilent 34970A) [23] for electric energy collection, a 7 1/2 Digit nanovolt micro-Ohm meter (Agilent 34420A) [24] for acquisition of the temperature of the sample cell and a P4 computer equipped with a matched module and interface card GPIB (IEEE 488).The adiabatic condition control system consisted of a high-precision temperature controller (Lake Shore, Model 340) and two sets of six-junction chromel-copel (Ni-55%, Cu-45%) thermocouple piles that were installed between the sample cell and the inner adiabatic shield and between the inner and outer adiabatic shield, respectively. The high vacuum pump system consisted of a combined rotational mechanical pump and oil diffusion pump (Edwards, Model NXK 333000). The block diagram of the adiabatic calorimetric system is shown in Figure 1. 
Sample cell and adiabatic calorimetric cryostat
The sample cell (see Figure 2A) was made of 0.3 mm thick gold-plated copper, 20 mm long, 20 mm in diameter with inner volume of about 6 cm 3 . Three sheaths were fixed at the bottom of the cell for inserting the platinum thermometer and thermocouples. Electric heating wires(insulated Karma wire of 0.12 mm in diameter, R = 120 Ω)were coiled on the outer wall of cell A small amount of silicone thermally conductive sealant (type HT916, produced by Shanghai Huitian New Chemical Material Company, Limited) was used to seal the lid to the main body of the cell. On the lid there was a section of copper capillary for pumping out the air in the cell and introducing the helium gas to promote thermal equilibrium inside the cell. The capillary was pinched off and the resultant fracture was soldered by solder to ensure the sealing of the cell.
The adiabatic calorimetric cryostat is shown in Figure 2B . Two sets of six-junction chromelcopel thermocouple piles were installed between the sample cell and the inner shield, and between the inner and the outer shield to detect the temperature differences between them. The junctions of the thermocouple piles were inserted in the sheath and fixed on the corresponding surfaces whose temperatures were to be measured. The detected signal of the thermal electromotive force (EMF) created by the temperature differences was fed into the temperature controller which controlled the current through the heating wires on the Figure 1 . Block diagram of the adiabatic calorimetric system. 1, sample cell; 2, inner adiabatic shield; 3, outer adiabatic shield; 4, vacuum can; 5, silicon controlled regulator; 6, temperature controller (Lake shore 340); 7, data acquisition/ switch unit (Agilent 34970A); 8, 71/2 digit nanovolt/micro-Ohm meter (Agilent 34420A); 9, computer; 10, combined rotational mechanical pump and oil diffusion pump (Edwards, model-NXK333000).
inner and outer adiabatic shields, This heating was used to minimize the temperature difference between the sample cell and the shields thus maintaining a good adiabatic environment.
The sample cell and the adiabatic shields were placed in the high vacuum can to eliminate the heat loss of the cell caused by convection heat transfer. During the heat capacity measurements the vacuum can was evacuated to (10
) Pa by the rotational and diffusion pump.
A precision miniature platinum resistance thermometer (produced by Shanghai Institute of Industrial Automatic Meters, 16 mm long, 1.6 mm in diameter) measured the temperature of the sample cell. The resistance of the thermometer was measured by the 7 1/2 Digit nanovolt/micro-Ohm meter (Agilent 34420A) with four-terminal resistance measurement circuit, and then inputted into the computer for processing after A/D conversion. Then the corresponding temperature was calculated according to the relationship between the resistance 
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and temperature of the thermometer, which was calibrated in terms of ITS-90 by Station of Low-Temperature Metrology and Measurements, Chinese Academy of Sciences. Here R 0 = 100.1384 Ω.
Computer, data collection unit and software
The data acquisition system used a P4 computer with Windows Operation System (OS), which had fast computing power and a parallel processing function. The computer collected and controlled data information through GPIB (IEEE 488) card with PCI interface. The interface card (Agilent 82350A) was used in the data exchange because this card has a transmitting speed of 750 kBs -1 , (here B refers to bytes) which guarantees the information exchanging speed during the experimental process of adiabatic control, collection and control of electrical heating and collection of sample temperatures. The software was programmed to run functions at designated times.
The A/D conversion of all the collected data was done by the data acquisition/switch unit (Agilent 34970A) [23] and 7 1/2 digit nanovolt/micro-Ohm meter, (Agilent 34420A) [24] . The Agilent 34970A had a high precision of data conversion and stability, and had a resolution of 100 nV at 100 mV measuring range, which varies within ±0.0090% over a year. Over the measuring range of our experiments, the resolution of the resistance measurement was 1 mΩ with a variation of ±0.0140%, thus guaranteeing the high precision of data collection. The Agilent 34,420 A nanovolt/ micro-ohm meter was a high-sensitivity multimeter optimized for performing low-level measurements. It combined low-noise voltage measurements with resistance and temperature functions, setting a new standard in lowlevel flexibility and performance. It has 7 1/2 digits resolution and 100 pV/100 nΩ sensitivity (equivalent to the temperature resolution of 2.5 × 10 −5 K for the platinum thermometer with R 0 = 100 Ω).
The software of the system consisted mainly of three modules (Figure 3) : data collection and control module, adiabatic environment control module and the module for the setting and revision of the experimental conditions and the data displaying.
The heat capacity measurement was done using an intermittent direct heating method, i.e., loading a certain number of moles (m) of sample in the sample cell of the calorimeter followed 
where
and I, V and τ are current, voltage and duration of heating, respectively. Accordingly, the heat capacity measurement was made as follows. First the temperature of the sample cell was kept stable under strict adiabatic conditions for a time which is called the temperature equilibrium period. During this period the temperature inside the sample cell was kept in equilibrium by the excellent thermal conductivity of the helium gas which fills the cell and two radial copper vanes fixed to the cell. When the temperature of the sample cell reached equilibrium, the computer system controlled (34970A) the input of an appropriate amount of current I and voltage V used to heat the sample cell to induce a temperature rise of ΔT. The computer system reads the I and V data at intervals (e.g., 30 s) during the heating process. The computer controlled the heating duration and calculated Q from Eq. (2) . Following the heating period, the temperature T of sample cell was measured at the next temperature equilibrium period. The temperature increment of the sample cell, ΔT, caused by the energy input was calculated on the basis of the difference in temperatures between the neighboring two equilibrium periods. The heat capacity, C p , was then obtained from Eq. (1). Through repetitions of the above procedures the heat capacity from low temperature to high temperature could be calculated. In order to ensure adequate precision of heat capacity measurements, some problems had to be solved, such as: the determination of the beginning of the equilibrium temperature during the thermal equilibrium period; the precise measurement of the equilibrium temperature of the sample cell; and the temperature correction resulted from the heat exchange between the sample cell and its environment under non-ideal adiabatic conditions.
Following the heating period, the temperature of the sample cell continued to change as a result of the uneven distribution of the temperature of the sample cell caused by the continuous transferring of heat energy and the heat exchange between the sample cell and its environment owing to the non-ideal adiabatic conditions. After some time, however, the temperature variation of the sample cell due to the transferring of heat energy decreased while the heat exchange between the sample cell and its environment continued. Under the condition that the temperatures of the inner and outer shields were keep stable, the heat exchange between the sample cell and its environment become stable and thus there was a linear relationship between the temperature of sample cell and the time of the experimental measurement. According to this principle, the computer fitted several collected temperature points of the sample cell versus time to get the lines l i or l i + 1 (see Figure 4) , whose slope was the variance ratio of the temperature as a function of time. The temperature of the calorimetric system can be regarded as reaching equilibrium if the variance ratio become small enough, e.g., 0.001 K min
, where min refers to minutes.
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On the other hand, except for the temperature variation, the deviation of the data collection also influences the slope of the line. The effect can be evaluated from the correlation coefficient of the fitted line. The closer the correlation coefficient is to 1, and the more the temperature points are focused around the line, the smaller will be the data collection random error. The present system took the average of the absolute values of the differences between the measured values and the fitted values as the estimation criterion. When the average value was less than some value, e.g., 0.001 K, the random error of the data collection could be neglected.
The collected temperature data were processed automatically by the computer to determine the arrival of temperature equilibrium; when the above two criteria were satisfied the computer deemed that the temperature of the calorimeter had reached equilibrium. Otherwise the temperature measurement time would be prolonged and another temperature point would be collected and the last ten temperature points would be processed with the same method as mentioned above until the two criteria were met.
The precision of the temperature measurement of sample cell correlated with the random error of the temperature data collection. To avoid this kind of error, the system collected a number (e.g., 10) of temperature points after the temperature of sample cell reached equilibrium, ranking them according to the magnitude of the collected values, discarding the maximum and minimum values among them and correcting the error by the figure filter
in which T ¯ is the corrected temperature value, K = n−2, T i is the collected temperature value, n is the times of the temperature data collection after the temperature equilibrium. The corrected temperatures are shown on l i and l i + 1 (see Figure 4 ). The temperature rise during the heating period is the result of a combination of the heating of the sample cell by the introduced energy and the heat exchange between the sample cell and its environment caused by the non-ideal adiabatic condition; the latter will lead to some error 3 ) / 2 ). The distance between the two crossing points is the corrected temperature rise, ΔT , which is just the temperature rise caused by the heat energy introduced during the heating period. This correction is performed through extending lines l i and l i + 1, which are obtained when determining the start of the equilibrium temperature.
Introducing ΔT into Eq. (1) produces, C p, which is the heat capacity value at the temperature of (Ti + Ti +1 )/2 (see Figure 4) . The processing procedures are shown in Figure 5 .
Adiabatic environment control module
The premise of good adiabatic conditions is to keep the temperatures of the inner and outer adiabatic shields close to that of the sample cell. In order to do this the heating current introduced into the sample cell is gradually and smoothly increased in the initial period, keeping it at a constant value in the middle period and then decreasing it in the final period. If the temperatures of the inner and outer adiabatic shields are kept increasing synchronously with that of the sample cell, the temperature of sample cell will decrease after the heating period and the speed of the temperature decrease will vary with the species, mass, heat conductivity of the samples and the temperature range of the measurement because of the uneven distribution of the interior temperature of the cell during the heating period. As a result the temperature of the inner shield will become higher than that of the sample cell; this will influence the calculated heat capacity. This system can be considered as an intelligent control of the temperatures of the inner and outer adiabatic shields, that is, it corrects the heating current of the inner adiabatic shield during the latter heating period according to the thermal properties of the sample and the actual condition of the measurement in the corresponding temperature range and controls the temperature of the inner shield at a slightly lower temperature than that of the sample cell to avoid the over regulation of temperature of the inner adiabatic shield, especially for samples with small heat conductivities or samples with phase transitions.
The module of setting and revision of operation conditions and data displaying
This system refreshes the screen every time it collects data, displaying in real time the various parameters and states, such as, the electric energy introduced into the sample cell, the temperature of the sample cell, the adiabatic control condition and the environment temperature.
The measuring conditions can be set on the screen before the measurement and revised on the screen during the measurement. At the same time information can be displayed, such as, the heat capacity of the sample which might vary with the temperature and the occurrence of a phase transition, so as to understand the change of thermal properties of the sample at anytime. The parameters and states mentioned above can be displayed on the screen at the same time and can be processed because the software of the system is developed under a multi-file application program with a multi-channel module.
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Calibration of the calorimeter and discussion of results
The reliability of the constructed adiabatic calorimetric system was verified by measuring the molar heat capacities of synthetic sapphire (α-Al 2 O 3 , Standard Reference Material 720).The results are listed in Table 1 . In order to compare the values with those recommended by NIST [25] , we calculated the molar heat capacities of α-Al 2 O 3 in the temperature range of (80-400) K at intervals of 10 K using a non-linear insert method based on the measured molar heat capacity data. The results are listed in Table 2 and shown in Figure 6 , from which it can be seen that 
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http://dx.doi.org/10.5772/intechopen.76151 9 the deviations of our values from the recommended values are within ± 0.1%, which indicates that the performance of the constructed calorimetric apparatus has been improved compared with previous calorimeters.
Compared with the previous calorimetric system, the newly improved system has the advantages of: compaction; is a simplified device, exhibits great stability and precision; and operates at a higher intellectual level with greater software power than previous reported calorimeters. After operating and testing the equipment for one and a half years we can confirm that the calorimetric system is: easy to operate; performs in a stable manner; and is able to perform Calorimetry -Design, Theory and Applications in Porous Solids ). with complete automatic control which includes data processing. All the controlling and measuring procedures can be accomplished through the computer after the sample is loaded in the calorimeter cell. The calorimetric apparatus is now being commercially manufactured.
Thermodynamic study on functional materials by adiabatic colorimeter
Heat capacity and thermodynamic properties of novel ionic liquid 1-ethyl-3-methylimidazolium tetracyanoborate [EMIM] [TCB]
Introduction
During the past decade ionic liquids (ILs) have attracted increasing attention for several reasons. The most striking property is their very low vapor pressure, which suggests their applications as ideal solvents to replace conventional solvents in the frame of "green chemistry." Their highly polar character opens new ways for chemical reactions in homogeneous as well as in biphasic catalyst systems. Special selective solubility for particular components in fluid mixtures give them the potential for use in separation processes. Moreover, properties such as high inherent conductivities, good thermal stability and liquidity over a wide temperature range, opens the way for ILs to be considered as lubricants, thermofluids, plasticizer and electrically conductive liquids in electrochemistry [26] However, the focus by many scientists has been on synthetic, applications in organic chemistry, electrochemistry, and in catalysis, [27] [28] [29] [30] [31] [32] [33] while few researchers have worked on the fundamental thermodynamic properties of ILs [26] , [34] [35] [36] [37] [38] [39] [40] [41] We believe that this has limited the development of using ILs in industry and in the laboratory, and has led us to systematically investigate the thermodynamic properties of ILs. The structural formula of the sample is shown in Figure 7 .
The thermogravimetric (TG) measurements of the sample were carried out by a Thermogravimetric analyzer (Model: Setaram setsys 16/18, SETARAM, France) under high purity argon with a flow rate of 85 ml⋅min −1 at the heating rate of 10 K⋅min −1 from 300 to 1000 K. The sample mass of 45.65 mg was filled into alumina crucible with cover.
From the TG-DTG curve in Figure 8 , it can be seen that the mass loss of the sample was completed in a single step. The [EMIM] [TCB] sample was stable below 570 K. It begins to lose weight at 592.83 K, reaching a maximum rate of weight loss at 677.72 K and completely lost its weight when the temperature reached 791.03 K.
Heat capacity measurements
The heat capacity measurements were carried out in the high-precision automated adiabatic calorimeter mentioned above. The [EMIM] [TCB] sample mass used for the heat capacity measurement was 4.08282 g, which is equivalent to 18.062 mmol based on its molar mass of 226.047 g⋅mol −1 .
Experimental molar heat capacities of [EMIM]
[TCB] measured by the adiabatic calorimeter over the temperature range from 78 to 370 K are listed in Table 3 and plotted in Figure 9 . The values of experimental heat capacities were fitted to the following polynomial equations using least square method: [44] [45] . For the solid phase over the temperature range 78 to 275 K: 
The temperature, enthalpy and entropy of solid: liquid phase transition
The standard molar enthalpies and entropies of the solid-liquid phase transition ∆ ).
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where T i is the temperature that is somewhat lower than the temperature of the onset of a solid-liquid transition and Tf is the temperature slightly higher than that of the transition completion. Q the total energy introduced into the sample cell from T i to T f, H 0 the standard heat capacity of the sample cell from T i to T f , C p,m 0 (s) the standard heat capacity of the sample in solid phase from T i to T m , C p,m 0 (l) the standard heat capacity of the sample in liquid phase from T m to T f and n is molar amount of the sample. The heat capacity polynomials mentioned above were used to calculate the smoothed heat capacities, and were numerically integrated to obtain the values of the standard thermodynamic functions above T = 298.15 K. The calculated results of molar enthalpy and entropy of fusion obtained from the three series of heatcapacity were listed in Table. 4.
Thermodynamic functions
The thermodynamic functions of the [EMIM] [TCB] relative to the reference temperature 298.15 K were calculated in the temperature range from 80 to 370 K with an interval of 5 K, using the polynomial equation of heat capacity and thermodynamic relationships as follows:
Before melting, 
After melting, Table 5 .
Heat capacity and thermodynamic properties of nanostructured materials
Introduction
Nanostructured materials have attracted worldwide attention owing to their special properties. Due to their small grain size and large specific surface, nano materials exhibit many distinctive properties [46] . What are the special thermodynamic properties of nano materials? Can classical thermodynamic theories be used to explain the thermal behavior of nano-materials? These are some of the important questions that must be answered in order to understand the properties of nano-materials more thoroughly and broaden their application areas.
In this chapter we have reported the results of heat capacity measurements of several kinds of nanostructured oxides, metals and zeolites, obtained by low-temperature adiabatic calorimetry, and compared heat capacity enhancement in these materials with the corresponding coarse-grained materials. These data are discussed in the context of properties such as density, thermal expansion, sample purity, surface effect, and size effect. Synthesis of nano materials has been accompanied by adiabatic calorimetry measurements, and materials have been characterized with differential scanning calorimetry (DSC), thermogravimetric (TG) analysis, 
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thermal expansion coefficient measurements, X-ray diffraction (XRD), transitional electron microscopy (TEM), scanning electron microscopy (SEM), X-ray fluorescence (XRF) and infrared spectroscopy (IR). Full details about the synthesis and characterization of materials were published elsewhere [47] .
Nanostructured oxides
Nano oxide materials constitute a rich source of materials. We selected five kinds of oxide materials, Al 2 O 3 , SiO 2 , TiO 2 , ZnO 2 , and ZrO 2 , which have been widely used, can be prepared by classical methods and obtained with confined size range and high quality.
Nano Al 2 O 3
We studied molar heat capacity of nano Al 2 O 3 in the temperature range from 78 to 370 K, and compared with the coarse-grained Al 2 O 3 [48] . The nanopowder Al 2 O 3 was processed by hydrolysis of pure aluminum sheet after activation, and the sample purity is more than 99%. The coarse-grained sample of α-Al 2 O 3 is a commercial reagent purchased from Shanghai Chemical Reagent factory with the mass purity of 99.9%. Figure 10 shows the experimental results indicating that no thermal anomaly took place over the investigated temperature range, but the heat capacities of the nano Al 2 O 3 was larger than the coarse-grained one and increased with the size decreased. The nano Al 2 O 3 has excess heat capacity from 6 to 23% as comparing with the coarse-grained one in the temperature range from 200 to 370 K. In the study of infrared spectra, we found that nano Al 2 O 3 exhibited a blue shift in wave number. This shift indicates that energy structure of nano Al 2 O 3 is higher than that in coarse-grained state, which is in agreement with the results of heat capacity measurement. To further study the enhancement of heat capacity in nano Al 2 O 3 , we measured the density of nano Al 2 O 3 to be 89% of the coarse-grained one, and thermal expansion of nano Al 2 O 3 has been reported to be twice as that of the conventional. All these suggest that the grain boundary of nano materials possesses an excess volume with respect to the perfect crystal lattice, so it seems that the heat capacity enhancement in nano Al 2 O 3 results from the excess volume.
Nano amorphous SiO 2
The molar heat capacity of nano amorphous SiO 2 (na-SiO 2 ) was measured over the temperature range from 9 to 354 K. The samples used for experiment were synthesized by using the sol-gel route with hydrolyzing the ethyl tetrasilicate and controlling the chemical reaction conditions. Those samples possess a very high purity (﹥99.9%). The experimental results were plotted in Figure 11 together with the molar heat capacity of coarse-grained SiO 2 (ca-SiO 2 ). The average grain size of two amorphous SiO 2 is also 20 nm and their specific surfaces resulted from BET measurement are 160 m 2 /g (SiO 2 -1) and 640 m 2 /g (SiO 2 -2) respectively. Significant difference in heat capacity between na-SiO 2 and ca-SiO 2 can be identified from Figure 11 . The heat capacity enhancement from 150 to 350 K for na-SiO 2 -1 and na-SiO 2 -2 are about 2-7% and 4-10% higher than those of ca-SiO 2, respectively. The heat capacity values of na-SiO 2 -2 with larger specific surface are higher about 3% than those of na-SiO 2 -1. The heat capacity enhancements in the nanomaterials are usually associated with an increase in the configuration and vibrational entropy of grain boundaries, and the boundaries with larger specific surface will have more configuration and vibrational entropy. So it agrees well with the experimental results that larger grain surface has much contribution to the heat capacity enhancement. We calculated the thermodynamic functions of na-SiO 2 based on the heat capacity data. The calculated results were plotted in the Figure 12 . From the figure, we can conclude that the entropy, enthalpy and Gibbs free energy of larger specific surface na-SiO 2 is higher than those of the small one, and the Gibbs free energy is lower, implying larger specific surface materials have complicated disorder, large potential energy and high activity.
Nanocrystalline ZnO
The two nanocrystalline forms of ZnO studied are ZnO-1 and ZnO-2 with grain size of 65 and 18 nm, respectively. The purity of both two samples is more than 99%. Heat capacity of nanocrystalline ZnO was compared with the literature data [49] of coarse-grained ZnO (c-ZnO) in Figure 13 . It can be seen that the heat capacities of ZnO-1 is no obviously difference from that of c-ZnO. However, there is large excess heat capacity of 4-17% for ZnO-2 compared with c-ZnO. The similar result was also reported by other researchers. Heat capacity of a material is directly related to its atomic structure, or its vibrational and configurational entropy which is significantly affected by the nearest-neighbor configurations. Nanocrystals are structurally characterized by the ultrafine crystalline grains, and a large fraction of atoms located in the metastable grain boundaries in which the nearest-neighbor configurations are much different from those inside the crystallites. In other words, the grain-boundary possesses an excess volume with respect to the perfect crystal lattice. Therefore, heat capacities of nanocrystals are higher than those of the corresponding coarse-grained polycrystalline counterparts. Although slight impurity can enhance the heat capacity obviously [50] , the impurity effect on those two specimens should be very slight. The samples were heated at temperature up to 570 K for 2 h and sample cells were evacuated to be high vacuum (10 −5 Pa), which can remove the absorbed gas and vapor. So the main contribution of the excess heat capacity of nanocrystaliline ZnO-2 should be introduced by vibrational and configurational entropy due to grain boundaries and lattice defects.
It seems to contradict our understanding of the above excess heat capacity, that nanocrystalline ZnO-1 and the more coarse-grained ZnO display very little difference. In fact, the grain size effect of nanocrystals on heat capacity has a size limit [50] . If the grain size is lower than the limit, the heat capacity will exhibit a great increase. Otherwise, heat capacity of nanocrystals and conventional polycrystals has little difference.
Nanocrystalline TiO 2
We measured heat capacity of nanocrystalline TiO 2 with three grain sizes by adiabatic calorimetry. TiO 2 -2 and TiO 2 -3 are anatase phase with the purity of 99% and TiO 2 -1 is mainly anatase with a small amount of brookite phase. The experimental results were compared with reported heat capacity of coarse-grained anatase phase TiO 2 [51] in Figure 14 . It is very obvious that the heat capacity of nanocrystalline was enhanced, and the heat capacities increase with grain size decreasing. The heat capacity enhancement of TiO 2 -1 and TiO 2 -2 was plotted in Figure 14 . In the temperature range from 100 to 300 K, the heat capacity enhancement of TiO 2 -1 and TiO 2 -2 were 7-13% and 4-7%, respectively. The heat capacity enhancement of TiO 2 -1 relative to TiO 2 -2 was 3-6%, while the enhancement of TiO 2 -2 relative to TiO 2 -3 was only about 1%. Considered the size decreasing step is equal from TiO 2 -3 to TiO 2 -2 and from TiO 2 -2 to TiO 2 -1, the nanocrystalline size is not the main factor affected the heat capacity enhancement in this case. The sample of TiO 2 -1 contains mainly anatase phase with a small amount of brookite phase and the samples of TiO 2 -2 and TiO 2 -3 are all anatase phase, so we can draw a conclusion that the small amount of heteromorphic impurity makes more contribution to the heat capacity enhancement than the grain size.
Recently research work by Boerio-Goats et al. reported that the water or other solvents absorbed on nanoparticle surfaces lead to heat capacity enhancement of anatase phase nanopartiles [52] (Figures 15-17) .
Nanocrystalline ZrO 2
Nanocrystalline ZrO 2 with grain size of 18 nm was measured by adiabatic heat capacity calorimetry and compared with literature data of coarse-grained ZrO 2 [53] . The sample was prepared with the method of azeotropic distillation, and the purity is more than 99%. The heat capacity enhancement of nanocrystalline ZrO 2 was much larger than those of above nanostructured oxides. The enhancement was about 2-21% in the temperature range from 100 to 300 K, and exhibited a rising tendency with the temperature increasing. Many researchers theoretically explained the excess heat capacity of nano materials by excess volume, and some theoretical calculations have indicated that heat capacity enhancement sharply increases with the excess volume increasing when temperature rises [54] . We measured the density of the nanocrystalline ZrO 2 sample (5.2 g·cm 3 ) to be 93% of the coarse-grained ZrO 2 (5.6 g·cm 3 ). This difference in density is not very obvious and can hardly lead to 2-21% of heat capacity enhancement. We also measured the chemical purity of the nanocrystalline ZrO 2 to be 98.4%, so the contribution of impurity contained in the nanocrystalline to heat capacity enhancement cannot be neglected. We presume that heat capacity enhancement in the nanocrystalline ZrO 2 is mainly caused by impurity contained in it. Impurity in nano materials is not the general case of adulteration, since it is not avoided in the process of sample preparation, but it can bring activity to the materials. So nanocrystalline ZrO 2 has higher activity than coarse-grained one and is mostly used as a catalyst in some reactions. 
Nanocrystalline metal
Nanocrystalline metals are studied mostly in theory because its molecular structure is simple and easily calculated and explained. Those materials differ from glasses and crystals in the sense that they exhibit little short-range or long-range order. A series of novel physical 
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and chemical properties of the nanocrystals, such as high diffusivity and reactivity, great ductility, large thermal expansion, enhanced phonon specific heat, and a significant change in the magnetic susceptibility, relative to the corresponding coarse-grained polycrystals, have captured the attention of the scientists and engineers because of their potential application. We measured heat capacities of nanocrystalline nickel and copper in the temperature range from 78 K to 370 K, and studied the heat capacity enhancement relative to the corresponding coarse-grained metal crystal. The two samples were produced by Zhengyuan Nano-materials Engineering Corp. (Shandong, China). The labeled chemical purity is not less than 99%.
Nanocrystalline nickel
Heat capacity of 40 nm nanocrystalline nickel was plotted in Figure 17 and compared with the literature data [55] of coarse-grained crystalline nickel. From insert in the figure we can see that heat capacity enhancement varies between 2 and 4% in the temperature range from 100 to 370 K. The heat capacity enhancement in nanocrystalline materials are usually associated with an increase in the configurational and vibrational entropy of the grain boundaries, which constitute a large volume fraction of the material. The atomic fraction of the grain-boundary component can be approximately estimated to be 3δ/d, where d is the average size of crystalline grain and δ is the average thickness of interfaces which is known to be on the order of three or four atomic layers. For the nanocrystalline nickel with d = 40 nm, about 10% atoms are on the grain boundaries. Thus, the grainboundary configurations or the grain-boundary energy should be responsible for the heat capacity enhancement. Figure 18 shows the heat capacity of 50 nm nanocrystalline copper and the literature data [56] of coarse-grained one. The heat capacity enhancement is about 3-6% in the temperature range from 100 to 370 K. The purity of nanocrystalline copper is more than 99%, so the contribution of impurity to the enhancement is almost negligible. The relative density of nanocrystalline copper to the coarse-grained is 51% indicating a more open atomic structure of the grain-boundary component than coarse-grained polycrystalline copper, so the interatomic coupling becomes weaker and enhances heat capacity. In the theoretical calculation by Fecht et al., [57] , thermal expansion coefficient is related to heat capacity, and the larger thermal expansion coefficient becomes, the more heat capacity enhances. We measured thermal expansion coefficient of nanocrystalline copper (3 × 10 −5 K −1 ) to be about two times of the coarse-grained copper's (1.6 × 10 −5 K −1 ). Thus, we can also explain the heat capacity enhancement of nanocrystalline copper with the increasing thermal expansion coefficient.
Nanocrystalline copper
Nanosized and microsized zeolite
Nanosized zeolite is only different from microsized zeolite in the size, but its properties have varied much in some aspects when it changes into microsized zeolite. We carried out adiabatic heat capacity measurement on nanoszied and microsized ZMS-5, and compared their thermodynamic properties. From Figure 19 it can be clearly seen that the heat capacities of nanosized ZMS-5 are larger than the microsized one. The heat capacity enhancement in the low temperature is not very obvious, but becomes larger with the temperature increasing. Nanosized ZMS-5 possesses excess specific surface and behaves more activity than the microsized. This excess specific surface supplies more surface energy for nanosized ZMS-5 and enhances heat capacity.
Conclusions
A fully automated high-precision adiabatic calorimeter used for heat capacity measurement in the temperature range of 80-400 K was constructed. The reliability of the calorimeter was verified by measuring the heat capacities of synthetic sapphire (α-Al 2 O 3 ), Standard Reference
Material 720. The deviation of the data obtained by this calorimeter from those published by NIST was within ±0.1% in the temperature range from 80 to 400 K. The adiabatic calorimeter can be used for precise measurement of molar heat capacities of condensed materials with important scientific value. Five kinds of nanostructured oxide materials, Al 2 O 3, SiO 2 , TiO 2 , ZnO 2 , ZrO 2 , and two kinds of nanocrystalline metals: nickel and copper were investigated from heat capacity measurements. It is found that heat capacity enhancement in nanostructured materials is influenced by many factors, such as density, thermal expansion, sample purity, surface absorption, size effect, and so on. But the dominant factor affected heat capacity enhancement is different in different nanostructured materials. Only with careful and entire investigation on the particular properties of nanostructured materials, we can discuss and analyze the heat capacity enhancement. On the other hand, adiabatic calorimetry is the most direct method to measure heat capacity enhancement in nanostructured materials, however in order to set up thermodynamic theoretical model to describe and understand heat capacity enhancement, more theoretical calculation study and other experimental measurements should be further carried out.
